multiple levers by which they can be independently controlled. The most common method is via a 30 genetically-encoded sensor that responds to a small molecule (an "inducible system"). However, these 31 sensors are often suboptimal, exhibiting high background expression and low dynamic range. Further, 32 using multiple sensors in one cell is limited by cross-talk and the taxing of cellular resources. Here, we 33 have developed a directed evolution strategy to simultaneously select for less background, high 34 dynamic range, increased sensitivity, and low crosstalk. Libraries of the regulatory protein and output 35 promoter are built based on random and rationally-guided mutations. This is applied to generate a set 36 of 12 high-performance sensors, which exhibit >100-fold induction with low background and cross-37 reactivity. These are combined to build a single "sensor array" and inserted into the genomes of E. coli 38 MG1655 (wild-type), DH10B (cloning), and BL21 (protein expression). These "Marionette" strains allow 39
. These consist of a protein 47 transcription factor (e.g., LacI) whose binding to a DNA operator in a promoter is controlled by the inducer 48 (e.g., IPTG). Initially co-opted from natural regulatory networks, over the years many versions were 49 designed to improve performance. In the 1990s, additional systems were developed that responded to 50 other inducers, notably arabinose and aTc, which became common tools in the field. In 1997, Lutz and 51 Bujard published a seminal paper that combined three (IPTG, arabinose, aTc) that could be easily 52 interchanged on a two-plasmid system 5 . Its organizational simplicity, compatibility, and quantified 53 response functions were revolutionary. Beyond providing a new tool to biologists to control multiple 54 genes with independent "strings," it facilitated researchers with quantitative backgrounds to enter 55 biology [6] [7] . Armed with the new ability to control two genes with precision, physicists and engineers built 56 the first synthetic genetic circuits, performed single molecule experiments inside cells, deconstructed the 57 origins of noise in gene expression, determined how enzyme balancing impacts metabolic flux, elucidated 58 rules underlying the assembly of molecular machines, and built synthetic symbiotic microbial 59 communities, just to highlight a few [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . 60 both high and low expression can be explored as well as many intermediate states. The sensitivity is the 66 concentration of inducer that turns a sensor on (defined as 50% activation). A lower sensitivity reduces 67 the amount of a chemical that must be added to the media. Further, when multiple sensors are combined 68 into one cell, they can interfere with each other's response functions (Figure 1b) . Some small molecules 69 bind non-cognate regulators and this can lead to off-target activation (cross reactivity) or competitive 70 inhibition with the cognate small molecule (antagonism) [22] [23] [24] [25] [26] [27] . Finally, each sensor requires cellular 71 resources (e.g., ribosomes) to function and the activation of one sensor can influence another indirectly 72 due to resource competition 28 . Each sensor also requires ~1-2 kb of DNA and this becomes increasingly 73 difficult to carry on plasmids. These challenges limit the number of sensors that can be put in a single cell 74 and the maximum reported to date is four 29 . 75 Sensors can be improved using biophysical models, rational engineering and directed evolution 5, 76 23, 26, 30-36 . Improving performance requires that screens or selections be performed in the presence and 77 absence of inducer 37 . Such dual selections have been accomplished by sorting cells based low and high 78 fluorescence, utilizing proteins that can be both toxic and selective (e.g., TetA or HSV-TK), or by deploying 79 separate positive and negative selections 26, 35, [37] [38] [39] [40] [41] [42] [43] [44] . This has been applied to improving the response 80 functions and eliminating cross-reactivity between pairs of regulators 23, 26, 35, 45 . 81
Here, we have developed a selection methodology that allows us to intervene at multiple steps in 82 order to simultaneously select for improved response functions and decreased crosstalk ( Figure 1c) . First, 83 we built 12 sensors that respond to different small molecules and made directed changes in order to 84 improve function. These sensors were then subjected to multiple rounds of negative-positive selection. 85
Negative selection is facilitated by a promiscuous A294G mutant of the phenylalanine aminoacyl tRNA-86 synthetase (PheS) 46 . In the absence of inducer, leaky transcription of PheS leads to the charging of 87 phenylalanyl-tRNA with the non-canonical amino acid 4-Chloro-DL-phenylalanine (Cl-Phe). Adding more 88
Cl-Phe increases the stringency of the selection by making PheS transcription more toxic 43, 47 . Positive 89 selection is facilitated by a thermostable DNA polymerase (DNAP), either KOD DNAP from the archaea 90
Thermococcus kodakarensis
48 (for stringent replication) or the engineered PK6 DNAP 49 (to introduce 91 mutations). In the presence of inducer, the level of DNAP can be quantified by PCR amplification of the 92 sensor library after the cells are emulsified with primers [50] [51] . Multiple properties of the response function 93 can be simultaneously improved during one cycle of negative-positive selection and stringency altered by 94 changing the concentrations of Cl-Phe and inducer. Further, cross reactions can be selected against by 95 adding the inducer or regulator from a problematic system. The dual selection is applied over multiple 96 rounds to create a highly-optimized set of sensors. From these, we identify 12 that can be used together 97 in a single strain, and these are combined and integrated into the genomes of E. coli MG1655, DH10B, and 98 BL21 in order to create the Marionette family of strains. Genome integration increases stability and 99 reduces the cellular resources required to maintain regulator expression. It also simplifies the use of the 100 inducible systems, where only the output promoters need to be incorporated into a design (e.g., for the 101 expression of multiple proteins from a plasmid). 102
An initial set of 17 putative sensors were designed. Each sensor consists of a weak constitutive 103 promoter (PLacI, Supplementary Table 1 Rational mutations were made to improve some sensors prior to performing the direction 115 evolution experiments. Multiple versions of each sensor, each with different a promoter and RBS used to 116 drive the expression of the regulator, were tested (Supplementary Figure 3) . The version with the largest 117 dynamic range was chosen for further optimization. Then, a number of potential improvements gleaned 118 from the literature or rationally designed were evaluated, the results of which are shown in 119
Supplementary Figure 4 . After this step, we reduced the set of sensors to 14, removing copper, glucaric 120 acid and paraquat inducible systems because their responses were too small for subsequent optimization. 121
The response functions of the initial sensors are shown in Figure 2 (grey curves). Each function was 122 obtained by fitting the experimental data to the equation 123
where y is the promoter activity in RPU, x is the concentration of the small molecule, ymin is the leakiness, 125 ymax/ymin is the dynamic range, K is the sensitivity, and n is the cooperativity. The raw data points, including 126 error bars, used for this fit are shown in Supplementary Figure 5 . While they all show some response, the 127 high leakiness, low dynamic range and low sensitivity are apparent for many. Of the 14, the aTc-and OC6-128 sensors produced a good enough response to not require additional optimization (Table 1) . 129
The remaining 12 were then subjected to directed evolution using the dual selection (Figure 1c , 130
Supplementary Figure 6 ). For each sensor, a library was constructed and cloned upstream of the operon 131 containing PheS and DNAP ( Figure 1a ) on a dual selection plasmid. The initial library contained a mixture 132 of random and rational mutations. For a subset of sensors, the output promoter was mutagenized: 133 selected bases in the -10 box and -35 box were randomized. To control regulator expression, critical 134 bases in the ribosome binding site (RBS) were randomized. For LacI and AraC, we partially mutagenized 135 key amino acid residues based on prior work 23, [33] [34] . Specifically, the genes were PCR amplified with 136 primers of limited degeneracy (e.g., VNA, WKK, or NDC) thus allowing LacI Q18, F161, W220, Q291, and 137 L296 and AraC L133, E165, E169, and C280 to sample a subset of possible amino acids (Methods). The 138 specific mutations made to the initial library for each sensor are shown in Supplementary Appendix 2. 139
Multiple rounds of the dual selection were performed with the initial library. Between 4 and 23 140 rounds were performed, depending on how many issues needed to be corrected for each sensor. 141 Different interventions were performed during each round to bias solutions to address problems 142 identified for each sensor. The conditions for each round are presented in detail in Supplementary  143 Appendix 2. Typically, the stringency of the negative selection was increased at a particular round by 144 increasing the concentration of Cl-Phe from 2 mM to 4 mM. This biases against leakiness in the absence 145 of inducer. During positive selection, inducer was added to the surviving cells, leading to the expression 146 of DNAP. During early rounds, the maximum amount of inducer was added. For some sensors, we sought 147 to increase the sensitivity of the response by reducing the amount of inducer after each round; for 148 example, BetI was induced with 1 mM Cho in the final round of selection, down from 5 mM Cho in the 149 first round. After induction, the cells were encapsulated, lysed, and PCR amplified using the DNAP 150 expressed by the sensor (Methods). In early rounds, additional random mutations throughout the sensor 151 were introduced by using the PK6 DNAP during the positive selection (yielding an average of 1-2 mutations 152 per kilobase). In later rounds, the stringent KOD DNAP was used to reduce the diversity in the population. 153
After the amplification step of the positive selection, the constructs were recloned into the selection 154 plasmid. Recloning allows the selection plasmid to be reset each round, thus preventing the accumulation 155 of cheaters, and offers the opportunity to change the DNAP as needed. In some cases, in an effort to 156 combine multiple beneficial mutations into a single variant, gene shuffling 54 was used between rounds 157 (Methods). 158
During the selection rounds, additional interventions were included in order to reduce crosstalk 159 between systems. For example, crosstalk between the IPTG-and Ara-sensors is well known, where IPTG 160 reduces the output of the AraC/PBAD system 23 (Supplementary Figure 7) . To identify mutants that reduce 161 this, 1000 M IPTG was included during all rounds of selection for the Ara sensor. IPTG was also included 162 in the negative selection to prevent the evolution of an IPTG-induced AraC mutant. Crosstalk between 163
Van and DHBA was also observed and eliminated through the negative selection (Figure 2b Figure 18) . 252
This work represents a dramatic expansion in our ability to study and control genes in cells. The 253
Marionette strains enable the modular control of up to 12 genes, simply by placing each one under the 254 control of a small (50 to 289 base pair) inducible promoter. This means that a single construct can be built 255 and then the expression levels perturbed in many ways through the combination of different small 256 molecules. This could be to determine the role of proteins in a natural system, picking apart the 257 stoichiometric requirements for a molecular machine [60] [61] . This can also be part of rapid optimization of 258 metabolic pathways, where the ideal stoichiometry can be identified without the need to build megabase-259 scale libraries [62] [63] . shown (see Supplementary Figure 11 for data). The response function parameters are provided in Table  323 1. c) Chemical cross-reactivity heat-map of the 12 output promoters with each inducer. Inducer 324 concentrations were: 25 μM DAPG, 500 μM Cuma, 10 μM OC6, 100 μM Van, 1 mM IPTG, 200 nM aTc, 4 325 mM Ara, 10 mM Cho, 1 mM Nar, 2.5 mM DHBA, 250 μM Sal, and 10 μM OHC14. The mean of three 326
replicates performed on different days is shown (see Supplementary Figure 13 for data BL21 derived cells) were subcultured into 100 ml SOB media (BD, Franklin Lakes, NJ -USA) and grown at 357 37 °C, 250 rpm for 3 hours. Cultures were centrifuged (4500g, 4 °C, 10 minutes) and pellets were 358 resuspended in 15 ml TFBI buffer 51 (30 mM KOAc, 50 mM MnCl2, 100 mM RbCl, 10 mM CaCl2, and 15% v/v 359 glycerol, pH 5.0). After 1 hour on ice, cells were centrifuged (4500g, 4 °C, 10 minutes) and pellets were 360 resuspended in 2 ml TFBII buffer (10 mM NaMOPS pH 7.0, 75 mM CaCl2, 10 mM RbCl, and 15% v/v 361 glycerol). Competent cells were stored at -80 °C until use. 362
363
Response function measurements (mid-log phase). All measurements shown were taken by cytometry 364 of cells in mid-log growth except when noted. Glycerol stocks of strains containing the plasmids of interest 365 were streaked on LB + 1.5% Agar plates and grown overnight at 37 °C. Single colonies were inoculated 366 into 1 ml LB + antibiotics in 2-ml 96-deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an 367
AeraSeal film (Excel Scientific, Victorville, CA -USA) and grown at 37 °C, 900 rpm overnight in a Multitron 368
Pro shaker incubator (INFORS HT, Bottmingen, Switzerland). The overnight growths were diluted 1:200 369 into 1 ml LB + antibiotics in 2-ml 96-deepwell plates + AeraSeal film and grown at 37 °C, 900 rpm. After 2 370 hours the growths were diluted (E. coli DH10B/Marionette-Clo 1:500; E. coli BL21/Marionette-Pro 1:2,000; 371 The overnight growths were diluted 1:200 into 1 ml LB + antibiotics in 2-ml 96-deepwell plates + AeraSeal 394 film and grown at 37 °C, 900 rpm. After 2 hours the growths were diluted 1:500 into prewarmed LB + 395 antibiotics. After 0, 1, 2, 3, 3.5, 4, 4.25, 4.5, or 4.75 hours, cultures were further diluted 1:10 into 396 prewarmed LB + antibiotics + inducer where necessary in 2-ml 96-deepwell plates + AeraSeal film and 397 grown at 37 °C, 900 rpm for 5, 4, 3, 2, 1.5, 1, 0.75, 0.5, or 0.25 hours (5 hours total after the initial growth). 398
After growth, 20 μl of culture sample was diluted into 180 μl PBS + 200 μg/ml kanamycin to inhibit 399 translation. 400
401
Time course (mid-log phase to stationary phase). For Supplemental Figure 12 : mid-log to stationary 402 induction time course, glycerol stocks of strains containing the plasmids of interest were streaked on LB 403 + 1.5% Agar plates and grown overnight at 37 °C. Single colonies were inoculated into 1 ml LB + antibiotics 404 in 2-ml 96-deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an AeraSeal film (Excel Scientific, 405 Victorville, CA -USA) and grown at 37 °C, 900 rpm overnight in a Multitron Pro shaker incubator (INFORS 406 HT, Bottmingen, Switzerland). The overnight growths were diluted 1:200 into 1 ml LB + antibiotics in 2-ml 407 96-deepwell plates + AeraSeal film and grown at 37 °C, 900 rpm. After 2 hours the growths were diluted 408 1:5000 into prewarmed LB + antibiotics + inducer where necessary in 2-ml 96-deepwell plates + AeraSeal 409 film and grown at 37 °C, 900 rpm for 5, 6, 7, 8, 9, 10, or run at a rate of 0.5 μl/s. The events were gated by forward scatter height (mid-log: 1,000-10,000; 415 stationary: 500-5000) and side scatter area (mid-log: 1,000-10,000; stationary: 500-5,000) to reduce false 416 events. After gating, thousands of events were used for analysis. . Linear insert and plasmid selection vector were mixed at 1:1 molar ratio totaling ~ 1 μg 428 DNA along with 5 μl 10x T4 ligase Buffer, 1 μl T4 DNA ligase (2,000,000 U/ml), 2 μl BbsI (10,000 U/ml) (all 429 from New England Biolabs, Ipswich, MA -USA) in 50 μl total. Reactions were cycled 45 times between 2 430 minutes at 37 °C and 5 minutes at 16 °C, and then incubated for 30 minutes at 50 °C, 30 minutes at 37 °C, 431
and 10 minutes at 80 °C in a DNA Engine cycler (Bio-Rad, Hercules, CA -USA). An additional 1 μl BbsI was 432 then added, and the assembly was incubated for 1 hour at 37 °C. Assemblies were then purified using 433 the rubber stopped from a 1 ml syringe. The mixture was vortexed at maximum setting for 2 minutes. 456
The emulsion was split evenly five 0.2 ml PCR tubes, and thermal cycled (95 °C for 5 minutes; 20 cycles of 457 [95 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 2 minutes/kb]; and 72 °C for 5 min). Emulsions were 458 then centrifuged (10,000g, 25 °C, 10 minutes) and the upper (oil) phase was removed. Then, 100 μl H2O 459 and 500 μl chloroform were added and the mixture was pipetted to disrupt the pellet. The resuspension 460 was then transfered to a 1.5 ml heavy-gel phase-lock tube (5 Prime, San Francisco, CA -USA) and 461 centrifuged (16,000g, 25 °C, 2 minutes). The upper (aqueous) phase was collected, and DNA was purified 462 using Zymo Spin I columns. The library was amplified in a recovery PCR using Accuprime Pfx and nested 463 recovery primers, gel purified, and assembled as described above. A depiction of the CPR primer and 464 recovery primer amplification are provided in Supplementary Figure 6 . Gate assembled using BsaI into an RK6 suicide vector (which needs Pir protein in order to propagate) 68 . 494
Pir-expressing E. coli JTK164H cells were transformed, and plasmids were purified, verified, and linearized 495 with BpiI leaving homology to the glvC pseudogene. Recombineering-ready E. coli MG1655 cells were 496 electroporated and transformed with gel-purified, linearized inserts. After an outgrowth of one hour at 497 37 °C, transformations were plated on LB-agar plates + antibiotic (5 μg/ml chloramphenicol). Colonies 498 were picked and grown at 37˚C in LB + antibiotic, and the presence of the insert was verified by colony 499 PCR. For the second insertion, this strain was made recombineering-ready and the process was repeated 500 with the next set of genes (araC AM , araE, betI AM , and ttgR AM ) with the insert containing homology to tetR 501 and glvC and conferring resistance to 20 μg/ml spectinomycin. For the third insertion, this strain was 502 made recombineering-ready and the process was repeated with the final set of genes (pcaU AM , nahR AM , 503
and cinR AM ) with the insert containing homology to ttgR AM and glvC and conferring resistance to 5 μg/ml 504 chloramphenicol. See Supplementary Figure 9 for schematic details. 505 506 Phage transduction to transfer the Marionette cluster. 50 μl of overnight culture of Marionette-Wild 507 was subcultured in 5 ml LB medium + 0.2% glucose and 5 mM CaCl2 and grown at 37 °C, 250 rpm for 30 508 minutes. 100 μl p1 phage lysate (10 9 pfu/ml) was added and the culture was grown at 37 °C, 250 rpm 509 until lysis (3 hours) 72 . 50 μl chloroform was added and the culture continued at 37 °C, 250 rpm for 5 510 minutes. Culture was centrifuged (9200g, 25 °C, 10 minutes). Supernatant was filtered (0.45 μM) and 511 stored at 4 °C until use. 1.5 ml of overnight culture of E. coli MG1655, BL21, or DH10B (the DH10B cells 512 contained a temperature-sensitive plasmid transiently expressing RecA) was centrifuged (10,000g, 25 °C, 513 5 minutes). The cell pellet was resuspended in 750 μl P1 buffer (5 mM MgSO4 and 10 mM CalCl2) and up 514 to 100 μl Marionette-P1 phage lysate was added. After 30 minutes at 25 °C, 1 ml LB + 200 μl 1 M sodium 515 citrate was added and the culture was grown at 37 °C, 250 rpm for 30 minutes. The culture was 516 centrifuged (10,000g, 25 °C, 2 minutes) and the pellets were resuspended in 100 μl LB and plated on LB-517 agar plates + 5 μg/ml chloramphenicol and 5 mM sodium citrate. Colonies were picked and grown at 37 518 ˚C in LB + 5 μg/ml chloramphenicol and 5 mM sodium citrate, and the presence of the insert was verified 519 by colony PCR. The entire Marionette cluster was verified by sequencing PCR amplicons of the cluster 520 from the genome of Marionette-Wild. 521 522 Sensor induction on plates. Cells were transformed with reporter plasmids and, following outgrowth at 523 37˚C for one hour, plated on LB-agar (LB-Miller powder + 1.5 % agar [BD, Franklin Lakes, NJ -USA]) with 524 and without the appropriate inducer. After an overnight incubation at 37˚C for 16 hours, plates were 525 incubated at 4˚C for one hour and imaged using a ChemiDocMP Imaging system (Bio-Rad, Hercules, CA -526 USA) and Image Lab 4.0 software (Bio-Rad, Hercules, CA -USA) employing blue epi illumination, a 530/28 527 filter and a 0.1 second exposure. Raw images were rotated and cropped using XnView (XnSoft, Reims, 528 France). Individual colonies were scraped from the plate, resuspended in 200 μl PBS + 200 μg/ml 529 kanamycin, and assayed by cytometry as described in Cytometry analysis. 530 531 Plate reader assays to measure growth rates. Glycerol stocks of strains of interest were streaked on LB + 532 1.5% Agar plates and grown overnight at 37 °C. Single colonies were inoculated into 1 ml LB in 2-ml 96-533 deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an AeraSeal film (Excel Scientific, Victorville, 534 CA -USA) and grown at 37 °C, 900 rpm overnight in a Multitron Pro shaker incubator (INFORS HT, 535 Bottmingen, Switzerland). The overnight growths were diluted 1:200 into 1 ml LB in 2-ml 96-deepwell 536 plates + AeraSeal film and grown at 37 °C, 900 rpm. After 2 hours the growths were diluted (E. coli 537 DH10B/Marionette-Clo 1:500; E. coli BL21/Marionette-Pro 1:2,000; E. coli MG1655/Marionette-Wild 538 1:5,000) into prewarmed LB + inducer where necessary in 2-ml 96-deepwell plates. 100 µl of this culture 539 was immediately transferred to a 300-μl 96-well black walled optical bottom plates (Thermo Scientific 540
Nunc, Waltham, MA -USA) sealed with a BreathEasy film (Sigma-Aldrich, St. Louis, MO -USA), and grown 541 in a Synergy H1 plate reader (BioTek, Winooski, VT -USA) at 37 °C, 1000 rpm. OD600 was measured every 542 20 minutes over 12 hours of growth. OD600 readings were also taken from wells containing media with no 543 cells, and for each time point, readings from such wells were subtracted from the appropriate sample 544 measurements to remove background. OD600 values were converted to equivalent 1 cm path length 545 measurements using a standard curve. reporter plasmids and plated on LB-agar. Single colonies were inoculated into 1 ml LB + antibiotics in 2-554 ml 96-deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an AeraSeal film (Excel Scientific, 555
Victorville, CA -USA) and grown at 37 °C, 900 rpm overnight in a Multitron Pro shaker incubator (INFORS 556 HT, Bottmingen, Switzerland). The overnight growths were diluted 1:200 into 1 ml LB + antibiotics in 2-ml 557 96-deepwell plates + AeraSeal film and grown at 37 °C, 900 rpm. After 2 hours, the growths were diluted 558 1:5000 into prewarmed LB + antibiotics + inducer where necessary in 2-ml 96-deepwell plates + AeraSeal 559 film and grown at 37 °C, 900 rpm for 5 hours. After growth, 20 μl of culture sample was diluted into 180 560 μl PBS + 200 μg/ml kanamycin to inhibit translation and assayed by cytometry as described in Cytometry 561 analysis. Uninduced cultures were allowed to grow at 37 °C overnight (17 hours) and the process 562 (beginning with the 1:200 dilution of the overnight culture) was repeated each day for 14 days. 563
Evolutionary stability (passaging on plates). A single colony of Marionette-Wild was inoculated into 1 ml 565 LB in 2-ml 96-deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an AeraSeal film (Excel 566 Scientific, Victorville, CA -USA) and grown at 37 °C, 900 rpm for 12 hours in a Multitron Pro shaker 567 incubator (INFORS HT, Bottmingen, Switzerland). The overnight growth was streaked onto LB-agar plates 568 and grown at 37 °C for 12 hours. This process was repeated 9 times. The final culture was made 569 chemically competent as described in Chemical transformation, transformed with relevant reporter 570 plasmids, and assayed with cytometry as described in Cytometry analysis. 571 572 Evolutionary stability (passaging in liquid culture). A single colony of Marionette-Wild was inoculated 573 into 1 ml LB in 2-ml 96-deepwell plates (USA Scientific, Orlando, FL -USA) sealed with an AeraSeal film 574 (Excel Scientific, Victorville, CA -USA) and grown at 37 °C, 900 rpm for 12 hours in a Multitron Pro shaker 575 incubator (INFORS HT, Bottmingen, Switzerland). The overnight growths were diluted 1:200 into 1 ml LB 576 in 2-ml 96-deepwell plates + AeraSeal film and grown at 37 °C, 900 rpm. After 2 hours, the growths were 577 diluted 1:5000 into prewarmed LB in 2-ml 96-deepwell plates + AeraSeal film and grown at 37 °C, 900 rpm 578 for 22 hours. This process was repeated 9 times. The final culture was made chemically competent as 579 described in Chemical transformation, transformed with relevant reporter plasmids, and assayed with 580 cytometry as described in Cytometry analysis. 581
582
Computational methods (fitting to the response function). To parameterize the response function, error 583 minimization was performed using the Solver function in Excel software (Microsoft, Redmond, WA -USA). 584
Equation 1 was entered with ymin , ymax , K, and n as tunable parameters, x (inducer concentration) as the 585 independent variable and y as the output. For each x, the error between the measured RPU value and 586 the output of the function was determined. The total error was determined by summing the normalized 587 square of the error ([y-measured RPU value] 2 /y) for each x. The Solver function minimized the total error 588 by tuning ymin , ymax , K, and n. Computational methods (RBS design). The initial RBS for each regulator in the Marionette cluster was 597 designed using the RBS Calculator v1.1 55 using the E. coli DH10B 16S rRNA setting. The "Pre-Sequence" 598 included the last 100 bp of the upstream CDS (where appropriate) as well as any scars used in Golden 599
Gate assembly. The "Target Translation Initiation Rates" were chosen based on the RBS strength of the 600 plasmid-based sensor (found using the "Reverse Engineer RBSs" tool) and compensating for the reduction 601 in copy number and increase in promoter strength associated with the move to the genomic system. After 602 initial assembly and testing, a decision was made based on the appearance of the response function as to 603 whether the RBS was too low, too high, or good. Low RBSs were rationally mutated to more closely 604 resemble the consensus Shine-Dalgarno sequence (TAAGGAGGT) while high RBSs were rationally mutated 605 to less closely resemble the consensus Shine-Dalgarno sequence. All rationally designed RBS variants 606 were checked using the "Reverse Engineer RBSs" to guard against making dramatic, unanticipated 607 changes to the RBS strength. Rational mutations are noted in Supplementary Table 2. Translation 608
Initiation Rate (in arbitrary units) for each RBS variant is provided in Supplementary Figure 10 . 609
